Iodine deficiency disorders were prevalent in China until the introduction of universal salt iodization in 1995. Concerns have recently arisen about possible excess iodine intake in this context. To document iodine intake and the contribution from iodized salt in China, we surveyed dietary iodine intake during ChinaÕs nationally representative 2007 total diet study (TDS) and (18-19%). A concerning number of individuals consumed less than the WHO-recommended daily allowance, including 31.5% of adult women. Salt contributed 63.5% of food iodine, and 24.6% of salt iodine was lost in cooking. Overall salt consumption declined between the surveys. Salt iodization assures iodine nutrition in China where environmental iodine is widely lacking. The risk of iodine excess is low, but planned decreases in salt iodization levels may increase the existing risk of inadequate intake. Regular monitoring of urinary iodine and more research on the impact of excess iodine intake is recommended.
Introduction
Iodine deficiency is common among the inhabitants of environments where naturally occurring iodine is low. It has severe implications for human health, especially during pregnancy, when a resulting lack of thyroid hormone can cause severe and irreversible damage to the brain of the developing embryo and fetus. Globally, it affects about one-third of the worldÕs population and was responsible for almost 3.5 million disability-affected life years in 2004 (1) . China was formerly severely affected by iodine deficiency, with 720 million people at risk. In the early 1970s, surveys identified 35 million individuals with iodine deficiency disorders (IDD) 10 manifesting as goiter, and an additional 250,000 with typical cretinism (2) . A meta-analysis of 36 studies from the affected locations showed a mean deficit in intelligence quotient of 11 points (3) .
The globally recommended strategy to prevent IDD is universal salt iodization (USI), which is safe, cost-effective, and sustainable (4) . China introduced a USI policy in 1995 with all edible salt (including table, food, and animal salt) iodized according to a national standard, most recently 35 6 15 mg/kg. This proved very effective; a national survey in 2002 found the virtual elimination of IDD. In 2010, household coverage of adequately iodized salt (35 6 15 mg/kg) exceeded 95% and was <80% in only 33 of ChinaÕs 2831 counties, most of them in western provinces with large salt lakes. However, coverage <90% prevails in 55 counties, including 23 in coastal areas (5) . Meanwhile, global progress on iodized salt consumption remains at ;70% of households (6) , although the number of countries reporting and those with household coverage >70% has increased steadily (7) .
In recent years, changes in the reported spectrum and incidence of thyroid diseases have been linked to the increased iodine intake resulting from USI. One recognized consequence of introducing USI is a transient increase in iodine-induced hyperthyroidism (IIH) (8, 9) , although the incidence of IIH does not increase with chronic iodine excess (10) and IIH almost always disappears after a few years (8, 9) . Iodine-induced thyroiditis has also been observed after increasing iodine intake but has not been unequivocally associated with USI (10) . These disorders seem to occur in genetically predisposed individuals (11) . On the other hand, links have also been made between iodine excess and hypothyroidism. In Japan, hypothyroidism was more prevalent in thyroid autoantibody-negative participants with high urinary iodine excretion (UIE), inferring a relationship between excessive iodine intake and thyroid dysfunction (12) . More recent research in ChinaÕs Liaoning province inferred that high iodine intake may drive thyroid function from a state of potential autoimmune impairment to overt hypothyroidism (13, 14) and that iodine intake should be reduced. Danish scholars also demonstrated that iodine intake either below or above the recommended levels is associated with an increased population risk of thyroid disease (15) . All researchers recommend careful monitoring of population iodine status.
In China, iodized salt is the main vehicle for iodine supplementation. Salt production is tightly controlled and the sale of noniodized salt is restricted. However, China was described by WHO as ''at risk of IIH in susceptible groups'' based on median UIE of 246 mg/L among children in 2005 (16) and more recent assessments found higher levels of UIE in some surveyed areas (17) . In addition, concerns about the thyroid health of populations in coastal provinces in the context of USI have circulated in the local media (18, 19) and international medical literature (13, 14) . Some coastal cities have been unofficially allowing the sale of noniodized salt, which formerly required a prescription, and there were calls for liberalizing provincial control of such sales.
Threats to USI in China raise the specter of recrudescence of IDD in a nation admired for its ''worldÕs best achievements'' in this area and might influence USI in many nations at risk of IDD. On the other hand, excess iodine consumption may also have adverse public health impacts. Given these threats, and in the absence of national, population-representative, and agedisaggregated data on UIE, ChinaÕs dietary iodine intake is thus highly relevant to policy on USI. This paper reports dietary iodine intake and the contribution from iodized salt among Chinese residents, including by age and sex among coastal populations, after more than a decade of USI.
Methods
The 2007 China total diet study (TDS) and a 2009 TDS focusing on dietary iodine intake among coastal residents and inland Beijing are reported.
TDS.
A TDS is recommended by WHO to identify dietary hazards by analyzing prepared foods or food groups reflecting the average dietary intake of a given population (20) . It has been used to measure iodine intake elsewhere (21, 22) and includes drinking water and water used in cooking as well as salt, condiments, and cooking oil (23) . TDS can also be used to quantify the intake of substances by age and sex.
For ChinaÕs 2007 TDS (conducted in June and July), the food composite approach was used to study the average dietary intake in 12 provinces across 4 geographical regions covering ;50% of ChinaÕs population (10% of the worldÕs population). In each province, 3 survey sites (1 urban district and 2 rural counties) were randomly selected from among middle-income locations as representing the local dietary pattern. To describe the standard pattern for each province, food consumption was assessed using the household food disappearance method (23) , which involves weighing and recording the intake of all residents in 90 randomly selected, middle-income households (30/survey site) over 3 consecutive days, corrected for food discarded and the actual persons consuming each meal. A standard method (23) (based on the weight, age, sex, and occupation of all those who ate meals in each household over the 3 d) was then used to calculate the average food consumption of a standard Chinese male (18-45 y, 63 kg body weight with light physical activity) in each province, as previously undertaken in China (24) .
All food consumed by this standard male was clustered into 13 food groups: 1) cereals and cereal products; 2) legumes, nuts, and their products; 3) potatoes and potato products; 4) meat and meat products; 5) eggs and egg products; 6) aquatic foods and aquatic food products of animal origin; 7) milk and milk products; 8) vegetables and vegetable products; 9) fruit and fruit products; 10) sugar; 11) beverages and water; 12) alcoholic beverages; and 13) salt and other condiments and cooking oils. Items consumed at >1% by weight were included in common food lists drawn up for each food group. However, for each food group, any item comprising <1% (by weight) of the total food consumed was combined with a similar or closely related food item. Food samples collected from local markets, grocery stores, and rural households were prepared and cooked according to local consumption patterns in each province. The cooked foods were then blended to form the respective group composites, with weights proportional to the mean daily consumption for the province. These provincial food group composites were frozen and then shipped to the Key Laboratory of Chemical Safety and Health at the Chinese Center for Disease Control and Prevention (CDC), where they remained frozen at 230°C pending analysis.
The iodine intake of the standard male was assessed using the frozen food group composites of each province after apportioning intake using the method described above. In China, it is customary to add salt and other condiments not at the dinner table but during food preparation. Accordingly, after distribution of the salt, condiments, and cooking oils in food group 13 into the other 12 groups during cooking, the iodine content of the 12 food group composites was measured by the Central Laboratory of Beijing CDC using international standard practices with strict quality control. The limit of detection (LOD) was 7 3 10 24 mol/L. As recommended by the WHO, samples with iodine concentration below the LOD were assigned a value of 1/2 LOD (23).
2009 Survey of dietary iodine intake among residents in Beijing and coastal areas of China. Based on the concerns expressed in the local media, a purposive study of iodine intake was undertaken in 4 of ChinaÕs coastal provinces (ranging from north to south) and in inland Beijing for comparison in October 2009. Again, one urban and 2 rural areas were randomly sampled in each province and 30 households were selected in each.
An additional, standard TDS methodology was applied in this survey (24-h dietary recall over 3 d for each householder) (23), enabling recording of individual food consumption data and calculation of iodine intake by age and sex group in addition to again assessing the intake of a standard Chinese male. The iodine intake of 10 age-sex groups (all children aged 2-7 and 8-12 y, and males and females aged 13-17, 18-50, 51-65, and >65 y) was calculated according to the iodine concentrations of the foods consumed.
The iodine concentration of single items consumed was also analyzed, enabling the contribution of sea and other food items to be individually assessed. In consideration of the possible impact of such foods on dietary iodine intake, all aquatic foods and vegetables were tested, including those of sea origin, no matter how little they were consumed.
In addition, to evaluate the loss of the iodine in iodized salt used in cooking and the contribution of iodine from iodized salt to the iodine in cooked food, 2 sets of diet samples were analyzed based on local food samples collected in Shanghai in 2009, one cooked with commercial salt whose iodine concentration was measured during the analysis and the other with noniodized salt.
Comparison of dietary iodine intake with various standards. The calculated iodine intake was compared with standard international indicators, including: 1) the estimated average requirement (EAR), the daily intake of a nutrient estimated to meet the requirements of one-half of the healthy individuals in a particular life stage and gender group. The EAR is the primary reference point for assessing the adequacy of nutrient intakes but is not meant to represent recommended intake levels (25) .
2) The RDA, the daily dietary intake sufficient to meet the nutrient requirements of nearly all (97-98%) the healthy individuals in a particular life stage and gender group. For some authorities, whereas the RDA can be used as a guide for assessing the adequacy of intake of individuals because it exceeds the requirements of most, intakes below the RDA cannot be assumed inadequate (25) . However, for others, including WHO, the RDA is considered the intake below which an individual may be at risk of IDD (26).
3) The upper limit (UL), the highest daily intake likely to pose no adverse health risk to almost all individuals in the specified age group, but consumption above which may pose a progressively increasing risk for healthy individuals (25) .
The values used in this paper correspond to globally accepted levels, which differ slightly from those used in China. In particular, the internationally recommended EAR for iodine intake (95 mg/d) is lower than that used in China (120 mg/d).
Data management. SPSS 13.0 software (IBM) was used for data handling and preparation of tables and figures.
Ethical approval. Each survey was assessed by its donor agencies as conforming to the applicable ethical standards.
Results
Samples tested in the 2 surveys, and analytical verification. A total of 144 samples (12 food group composites from each of 12 provinces, prepared from 663 individual food and beverage samples) from the 2007 TDS, and 60 samples (12 composites from each of 5 provinces) and 338 individual food and beverage items from the 2009 TDS were tested for iodine. The laboratory performance was verified against the results of standard reference material analyzed in the survey laboratory at the Beijing CDC. The results for the iodine intake of a standard adult male by food group are presented for the 2 surveys in Table 1 . Results for the 338 individual food items in 2009 are presented in Supplemental Table 1 .
Among the surveyed provinces in both 2007 and 2009, iodine intake mainly came from cooked vegetables, to which salt is added not at the table but during preparation, as is customary in China; vegetables contributed 50-60% of the overall iodine intake in both surveys. Meat was a major contributor in some provinces, particularly Sichuan, and cereals also substantively contributed to intake in Henan, ShaÕanxi, and Hebei. Aquatic products (of animal origin only) were a major source of iodine in Fujian (41.3% in 2007 and 26.5% in 2009) and to a lesser extent in Shanghai (;11% in both surveys). Although higher in iodine content by weight (Supplemental Table 1 ), in general, aquatic products contributed only minimally to iodine intake in coastal provinces.
The mean daily dietary iodine intake of a standard male in 2007 was calculated for each province (Table 1) Three of the 5 provinces surveyed in 2007 were also surveyed in 2009. In 2, the total daily iodine intake fell substantively (by 45% in Shanghai and 24% in Fujian). The only major difference in iodine intake by food group was in Fujian residentsÕ intake in aquatic food, which fell by more than one-half. Interestingly, aquatic food intake there did not decrease by weight (data not (Table 1) . Data not presented indicate that salt intake declined by 35% from 2007 to 2009 in both Shanghai and Fujian. In the third province surveyed twice, Liaoning, iodine intake fell slightly, but total salt intake increased by ;10%, with inconsistent changes across the food groups. Salt intake by weight for a standard adult male in all provinces surveyed fell from a mean of 11. To further address concerns about iodine intake in coastal China, Table 3 presents iodine intake disaggregated by 10 agesex groups in the 4 coastal provinces surveyed in 2009. The median daily iodine intake in each group was much lower than (mostly well below one-half) the recommended UL in all age groups. The median intakes were mostly much lower than the mean (ranging from 45 to 69% lower except among children), indicating a heavily skewed distribution of iodine intake and explaining the high calculated mean of the standard adult male (Fig. 1) . Across the age-sex groups, 0-19% of individuals consumed more than the UL, although this range fell to 0-7% upon excluding the 2 child groups. Among children, although the median intake was around one-half the UL in both age groups, the means were higher at 73 and 87% of the UL in the 2-7 and 8-12 y age groups, respectively.
Using the EAR as the standard for low iodine intake, the population at risk for IDD was small in each age and sex group. On the other hand, dietary iodine intake was below the RDA in a higher proportion of those surveyed in all age-sex groups, including 31.5% of reproductive-age women, suggesting a possible ongoing risk of IDD in China with the salt iodization levels applicable at the times of these surveys and using the WHO interpretation of this indicator (26) .
Comparison between cooking with iodized and noniodized salt in Shanghai. The mean dietary iodine intake of a standard Shanghai male in 2009 using salt iodized at 28.3 mg/kg in food preparation was 226 mg/d. This figure declined to 83 mg/d when noniodized salt was used for cooking, indicating that iodized salt contributed 63.5% to the total intake of iodine in food and beverages. The loss of iodine during cooking (based on the amount added during food preparation vs. the amount measured in the cooked food) was 24.6%. This is consistent with the figure of 20% given by WHO (27) .
Discussion
The iodine intake of ChinaÕs population in 2007 and that of residents of ChinaÕs coastal areas and Beijing in 2009 was generally safe; iodized salt was the main dietary source. Applying our finding that iodized salt contributes 63.5% of food and beverage iodine intake and given that iodine supplements are generally not available in China, we conclude that if salt were not iodized, iodine intake would be much lower in most of the provinces surveyed. Domestic use of noniodized salt would lower more individualsÕ intake of iodine below the EAR and RDA, underscoring the importance of USI in China and elsewhere. Our findings can quite reasonably be generalized to the population of ''middle China,'' from whose diet a large sample and wide variety of dishes were prepared and analyzed in both surveys. They are also highly relevant to other nations where food is mostly prepared from fresh ingredients and the local environment is low in naturally occurring iodine. On the other hand, our data suggest that iodine intake in China is high relative to that of other nations and easily high enough to avoid IDD at the population level (28) . Indeed, the apparent high intake among children in coastal areas and in Beijing (data not shown) may have adverse consequences (29) and merits verification and possibly intervention to reduce salt intake among ChinaÕs children. However, we note the paucity of biological evidence used to set the dietary reference intakes for iodine in children (30) and suggest that further research should be undertaken to verify our findings and their clinical implications.
Three concerns about USI have been circulating in China for several years: population trends in thyroid illness and thyroid antibody levels in proven high-iodine intake locations; misconceptions on the risks posed by coastal residentsÕ diet; and the fact that people living in around 120 counties located on the former flood-plain of the Yellow River in central northern China are indeed at risk of excessive iodine intake due to high water iodine (31, 32) . (In these counties, noniodized salt is available for local purchase.) Our report does not address trends in thyroid disease but does identify a subpopulation of high iodine consumers among whom some may be at risk of thyroid disease as a result (14) . Planned research in China on the thyroid hormone and autoantibody status of women early in pregnancy is therefore important (33) . However, the high iodine consumption of a minority of individuals should not be extrapolated to the population as a whole, e.g. by liberalizing the sale of noniodized salt, given the proven impact of USI on reducing IDD. Furthermore, this report clearly disproves fears that coastal residents are at higher risk of thyroid illness due to excessive iodine intake, and identifies vegetables, not food of sea origin, as the main source of iodine intake in these areas (with the possible exception of certain foods in Fujian). Although we assessed only the contribution of iodized salt added during cooking in one location, it seems likely that the addition of salt to vegetables and other foods during cooking is the main risk factor for iodine excess in China, not the iodine content of what is consumed. Water iodine was not a major contributor to iodine intake in surveyed locations.
At the time of our 2009 survey, in addition to debating the sale of noniodized salt, ChinaÕs government was also considering lowering the salt iodization standard from the then mandatory mean of 35 mg/kg. Indeed, it was decided that while USI remains mandatory, provinces may now iodize salt to a median within the range of 20-30 mg/kg, depending on local diet, iodized salt coverage, and UIE (34) . This reduction underscores the need to monitor UIE carefully and regularly as an alternative and easy way of assessing iodine intake. UIE clearly correlates with iodized salt consumption (17, 26) , but ChinaÕs most recent national UIE assessment in 2005 only reported province averages among children (16) . A more recent survey in 4 provinces confirmed high UIE levels in several areas, particularly among rural residents (17) . We did not separate the food from rural counties and urban districts in our laboratory analyses so cannot confirm this observation. Nonetheless, UIE monitoring is clearly recommended by global authorities (26) and should enable assessment of trends in iodine intake, including among subgroups of the population. It will be increasingly important as salt iodization levels are adjusted down and more individualsÕ iodine intake even falls below the EAR, increasing the risk of inadequate intake (25) . Table salt quality and iodization levels and food and animal salt should also be monitored. Our surveys also provided interesting trend data on the consumption of salt in China, possibly demonstrating a secular decline in intake toward the WHO recommended level of 5 g/d (35) . There is no official data on salt intake by age group in China since its last national nutrition survey in 2002, when mean intake was 12 g/d (36) . However, our finding is in line with research data from 8 provinces surveyed 8 times since 1989 and reporting a 31% decline in salt intake in rural and urban areas (to 8.4 and 7.7 g/d, respectively) from 2000 to 2009 (J. Zhang, data presented at 11th Public Health Symposium 2010, Hangzhou, China, personal communication). Lower salt intake is a positive development, but if this represents a general trend, it will reduce iodine intake in China, particularly as salt iodization levels decrease. This again underscores the need for regular, reliable, and representative monitoring of UIE.
The surveys we report have some limitations, particularly the relatively small number of children and teenagers assessed in 2009. In addition, direct comparison of the 2007 and 2009 survey findings was not possible, because the survey sites were not identical. There are also curious differences in dietary consumption patterns across the locations and time periods; even within some provinces, there were large differences in consumption of certain foods across the 2 surveys. This may be explained by seasonal availability of certain items, but further investigation is suggested. Knowing the thyroid hormone and antibody status of those assessed in 2009 would have strengthened our conclusion that ChinaÕs iodine consumption levels are generally not excessive, but it was not possible to assess these in the context of a TDS. We did not assess other sources of iodine intake, because food and beverages constitute the only source in China. The addition of iodine to locally produced multivitamin or nutrition supplements was prohibited by law upon introduction of USI. A minority of pregnant women consumes imported, iodine-containing multivitamin supplements, but these are too expensive for the majority. Moreover, the number of individual food and beverage items assessed in 2009 by far exceeds the numbers analyzed in TDS recently conducted in other developing countries (20) ; the data show a reassuring internal consistency and the laboratory analysis is not doubted. These factors suggest that our findings on iodine intake are reliable. Nonetheless, we look forward to the results, hopefully available in 2013, of ChinaÕs next TDS and national nutrition survey including UIE in some of the same provinces we surveyed. The sampling in these surveys included a broader cross-section of Chinese society than ours and may enable disaggregation of iodine intake by urban-rural residence [a previous survey found higher intake in rural areas (17) ] and by socio-economic group.
The calculated mean and median iodine intake levels in China appear high relative to international dietary recommendations, although these recommendations are acknowledged to be of limited value for individuals (25) . Based on the international EAR, the proportion of ChinaÕs population at risk of low iodine consumption is small, but this will increase as salt iodization is adjusted down. However, based on the published, WHO-recommended daily intake levels for individuals (26) , a rather high proportion of several age and sex groups are at risk. Recent evidence and opinion suggests that iodine sufficiency and normal thyroid function are especially important in the earliest stages of pregnancy (33, (37) (38) (39) . However, we acknowledge research from China that also suggests risks may exist with high-normal iodine intake (14, 33) .
In China and other nations at risk of IDD, it is imperative to ensure adequate iodine intake before and during pregnancy, in the same way as China now does for folic acid, to prevent neural-tube defects. Although safe iodization levels may vary according to local environmental conditions, maintaining USI at an appropriate level is an important part of this. To protect future generations of children, local iodization policy in China should be based on routine monitoring of UIE by province, certainly among women of reproductive age, and additional research on the impact and most appropriate level of salt iodization (33) . More generally, there is increasing global recognition of the need to improve the knowledge of reproductive-age women on the impact of diet before and during pregnancy on the health of their children. Screening the thyroid status of women before or during early pregnancy may also be important (39) . Advocacy on excess salt intake among some groups is also needed.
